e dual function of a carbon fiber-reinforced polymer (CFRP) bar working as reinforcement and impressed current cathodic protection (ICCP) anode for reinforced concrete structures has been proposed and researched in this paper. e ICCP tests with different current densities and polarization durations were first conducted for the concrete with high chloride content. After the ICCP application, pull out tests were then performed to investigate the bond behaviors of CFRP bars. Experimental results have shown the effectiveness of the new-type ICCP system with the CFRP bar as the anode on corrosion protection. e ICCP system provided electrons to the steel bar continuously and brought the potential of the steel bar down to the immunity region. Under the anodic polarization with a large current density of 100 mA/m 2 , the CFRP bar-concrete interface presented acidification and the chemical adhesion on the interface was decreased significantly. However, for cases in the experiment, the ICCP application had an insignificant influence on the ultimate bond strength.
Introduction
e durability of reinforced concrete (RC) structures (Figure 1(a) ) can be significantly deteriorated due to the impact of rebar corrosion [1] [2] [3] . In order to overcome the corrosion issue, research has been carried out in recent decades to incorporate corrosion-resistant materials, such as fiber-reinforced polymer (FRP), into concrete structures [4, 5] . Replacing traditional steel bars with FRP bars can effectively inhibit corrosion and improve the durability of concrete structures [6, 7] . However, due to the low elastic modulus and brittle behavior of some FRP materials, problems exist in FRP-reinforced concrete (FRPRC) structures (Figure 1(b) ), such as the high deformability, the lack of ductility, and large crack widths [8] [9] [10] [11] . us, the design of FRPRC components is generally dominated by the serviceability limit state requirements, such as the crack width and deformation limits. Moreover, the bond performance between FRP bars and matrix become crucial because it influences the crack width and spacing of FRPRC components significantly [12, 13] . e performances of concrete structures can be improved significantly by utilizing a combination of FRP and steel reinforcements [14] [15] [16] [17] [18] . In a hybrid FRP-steel reinforced concrete (hybrid FRPRC) beam (Figure 1(c) ), the corrosion-resistant FRP bars are usually placed at the lower layer of the tensile zone, while the corrodible steel bars are placed at the upper layer of the tensile zone far from the environmental aggressive agents, mainly chloride ion. By optimizing the design, the hybrid reinforced concrete structures can be featured with large rigidity, high ductility and ultimate bearing capacity, and good corrosion resistance and durability.
Besides, the steel corrosion in RC structures can be inhibited with electrochemical technologies. e impressed current cathodic protection (ICCP) technique, as illustrated in Figure 2 , is widely accepted as an effective approach to prevent corrosion of steel reinforcements [19, 20] . By applying a current to a steel bar with an external power supply, the steel bar becomes a cathode and its potential is adjusted down to suppress the migration of electrons generated by the corrosion. e failure of the ICCP system is mainly due to the deterioration of the anode material or bond interface between the anode and concrete [21, 22] . erefore, intensive research has focused on the development of anode with better performance characteristics, such as lower bond deficiency and acidification. Recent research shows that CFRP is a promising anode material because of its good conductivity and electrochemical stability. Lee-Orantes et al. [23] conducted an experimental investigation on a reinforced concrete cathodic protection system with CFRP anodes, and no apparent degradation of carbon composites and conductive resins was observed. e ICCP tests of RC beams conducted by Gadve et al. [24] demonstrated that using FRP wraparounds as an anode effectively retarded the corrosion of steel, and the loss of bond between steel and concrete can be avoided by selecting the appropriate protection current density. Moreover, considering its excellent mechanical properties, FRP can be applied to RC structures with dual functions of corrosion protection and structural strengthening, and in this case, the bond degradation between FRP and concrete during the ICCP process plays a crucial role in structural performances. Lambert et al. [25] used CFRP fabric for both flexural strengthening of precorroded reinforced concrete beams and a dual functional capacity as an ICCP anode. e flexural testing after a period of ICCP operation showed that FRP debonding induced a 13.5% decrease in the ultimate strength of RC beams incorporating dual function CFRP anodes, compared with corresponding beams with CFRP strengthening only. Van Nguyen et al. [26] investigated the dual function of a CFRP rod working as the near-surface mounted (NSM) strengthening and ICCP anode, and in this system, the bonding between the CFRP rod anode and concrete interface was improved by using a combination of geopolymer and epoxy resin. Experimental results showed that the high current density did not affect the bonding of the CFRP rod significantly.
e ICCP technique can be applied to the hybrid FRPRC structures by using CFRP bars (CB) embedded in the structures as the anode. e resulting structure (Figure 1(d) ) is expected to have excellent mechanical performances as well as corrosion resistance, which is especially suitable for chloride-rich environments such as coastal and offshore areas. To evaluate the feasibility of the ICCP-CB technique, the electrochemical properties and bond performances of CFRP bar anode were investigated using a simulated ICCP system in this paper. In the simulated ICCP system, current density and duration were varied to determine appropriate protection parameters. After that, pull out tests were performed on specimens to study the short-term bond behaviors of the CFRP bar-concrete interface in the anode region after high-current cathodic protection. Table 1 . e ribbed CFRP bar is depictured in Figure 3 . In order to exert a better conductivity, CFRP bars were polished to remove the surface resin before the electrochemical test. In order to simulate the chloride-rich environment, sea-sand (Cl − content: 0.05%) and seawater (Cl − content: 2.00 × 10 4 mg/L) were used to mix the concrete. e natural sea-sand and seawater were obtained from the offshore area of Fuyong wharf, Shenzhen, China.
Experimental Program
e detailed chemical compositions of natural seawater are listed in Table 2 . Ordinary Portland cement (P.O 42.5 R) was used for the cement, and gravels with a diameter between 12 mm∼20 mm were used for the coarse aggregate. e mix proportion of concrete in weight was 1 : 0.49 : 1.58 : 2.81 (cement : water : sand : gravel). e compressive strengths of concrete at 28 days and before pull out tests were 42.4 MPa and 54.2 MPa, respectively, which were determined with cubic specimens with a side length of 100 mm.
Specimen Design.
A total of 15 specimens were prepared for the ICCP test and pull out test, which were divided into five groups according to different experimental variables, and each group had three identical specimens. e shape of the specimen is illustrated in Figure 4 . e specimens was designed according to the Chinese standard GB 50152-92 [27] , and the specimens dimensions were adjusted a little to fit the existing molds in the laboratory. e concrete matrix of each specimen was a cubic with a length of 100 mm. A CFRP bar with a length of 450 mm was laid through the centerline of the specimen. e CFRP bar was extended from the specimen left surface for 300 mm to facilitate applying load and installing extensometers in the pull out test. Meanwhile, a 50 mm CFRP bar was extended beyond the right surface of the cylinder for the connection of anode in the ICCP test and the installation of extensometers in the pull out test. In the 100 mm midsection, the bonding area was designed as 48 mm and the left 52 mm section was set to be nonbonding areas, where Teflon tape was used to separate the concrete from the CFRP bar. e nonbonding area was designed primarily to avoid local failure of the ends resulting from stress concentration. A steel bar with 98 mm length was arranged right above the CFRP bar, with a center to center distance of 25 mm. e steel bar was embedded in the concrete with a length of 48 mm, and the extended 50 mm section was for the connection of cathode in the ICCP system. e experimental variables in the ICCP test include current density and polarization duration. According to NACE SP0290-2007 [28] , current densities of 5, 20, 50, and 100 mA/m 2 were applied on specimens in 4 groups, respectively, while the other group was set as a reference group and did not undergo the ICCP test. In each group, two specimens were tested for polarization duration of 4 months, while the other one had a polarization duration of 6 months. e detailed experimental parameters of specimens are listed in Table 3 . e specimen identification is defined as I-current density-polarization duration. For example, a specimen named I-5-4M denotes that the current density and polarization duration in the ICCP test are 5 mA/m 2 and 4 months, respectively. Besides, "R" denotes replicated specimens and "RF" represents specimens in the reference group.
ICCP Test.
ICCP tests begun after the specimens were cured in the laboratory environment for 60 days. Before ICCP application, both the steel bar and the CFRP bar extended outside the concrete cubic were polished to ensure a good conductivity at the cathode and anode connection. e schematic view and real picture of the ICCP test system are shown in Figure 5 . During the ICCP test, the potential of the steel bar was measured by Ag/AgCl reference electrodes and a digital voltmeter (DVM). ree kinds of potential were recorded: on-potential, instant-off potential, and depolarization potential measured 4 hours after pausing the cathodic protection system. According to the ASTM C876 standard, the relationship between the rebar corrosion potential and the probability of corrosion is as follows: for potentials (ref. electrode: Ag/AgCl) larger than − 119 mV, the probability that no steel corrosion occurs is larger than 90%; For potentials (ref. electrode: Ag/AgCl) smaller than − 269 mV, the probability that steel corrosion occurs is larger than 90%; for potentials falling between these limits, the corrosion activity of the reinforcing steel is uncertain. Moreover, after the ICCP system lasts for 120 days, linear polarization resistance of the steel bar was measured and the corresponding corrosion current density was obtained by the Stern-Geary relationship [29] to evaluate the corrosion state of the steel bar.
Uniaxial Pull Out
Test. After ICCP operation, pull out tests were conducted on specimens to investigate the bond performance of CFRP bars after galvanostatic anodic polarization. Considering the low shear strength of CFRP bars, an 80 mm long aluminum sleeve was adhered outside the loading end of the bar to prevent it from being damaged by the chuck of the testing machine, as shown in Figure 6 . Advances in Polymer Technology e pull out test setup is shown in Figure 7 . e pull out tests scheme followed the Chinese standard GB 50152-92 [27] . e tests were conducted with a servo-hydraulic testing machine with a capacity of 300 kN. Extensometers were installed on the loading end and free end of the specimen to measure the slips, and a load cell attached at the bottom of counterforce frame recorded the pull out force. e specimens were tested under the displacement-control mode with a loading rate of 0.05 mm/min. A data acquisition system was used to collect the test data with a sampling frequency of 5 Hz. e average bond stress τ is defined as
where F is the applied load and d and l b are the rebar diameter and bond length, respectively. Moreover, after the pull out test, phenolphthalein solution was sprayed on the bonded area of the split concrete matrix to investigate the acidification condition of the CFRP bar-concrete interface.
Test Results and Discussion

ICCP Test.
During the ICCP test, the depolarization potential of the steel bar was monitored since the specimens were cured for 28 days till the pull out test begun. e measured potential, as shown in Figure 8 , can be used as an index for reinforcement corrosion monitoring. Based on the evaluation criterion described in Section 2.3, during the natural corrosion stage between 28 and 70 days of curing, the corrosion potentials of all specimens were between -269 mV∼− 119 mV, indicating an uncertain probability of steel corrosion. After the ICCP test begun, all specimens with ICCP application had corrosion potentials more positive than − 119 mV, indicating that the steel passivation appeared and the probability of corrosion is less than 10%. However, for specimens in the reference group without ICCP application, the corrosion potentials continued to decline and were lower than − 269 mV after 98 days of curing, which means that the corrosion probability is larger than 90%. e monitoring results showed the effectiveness of the ICCP technique: the corrosion process of reinforcing steel with ICCP protection was inhibited, while steel corrosion continued to develop for specimens without ICCP protection.
e measured on-potential histories of specimens during the ICCP test are shown in Figure 9 . After the ICCP application, the on-potentials at different current densities stabilized in a certain range and the curves dropped slightly with time increasing. e on-potential became more negative as current density increases. e measured linear polarization resistance and corresponding corrosion current density of the steel bar at 120 days of ICCP application are listed in Table 4 . e results of the polarization resistance measurements show that the specimens without ICCP protection were at a corrosion stage of a high probability, while those with ICCP protection were at a corrosion stage of a low probability. e results of the linear polarization resistance measurement further demonstrate the feasibility and effectiveness of the ICCP protection system with CFRP bar as the anode. 
Pull Out Test
Failure Mode.
e overall failure mode of all specimens was splitting failure, as shown in Figure 10 . During the pull out process, radical cracks first emerged at the free end of the specimen and then propagated toward the side surfaces, eventually splitting the concrete matrix into two or three parts. e indentations caused by CFRP bar ribs were Advances in Polymer Technology changes to the CFRP bar-concrete interface and that with 20 mA/m 2 had a little influence on the interface. However, ICCP applications with current densities of 50 mA/m 2 and 100 mA/m 2 deteriorated the CFRP bar-concrete interface significantly.
Detection of Acidification of CFRP Bar-Concrete
Interface. Figure 13 shows real pictures of bonded areas before and after spraying phenolphthalein solution. For specimens with ICCP current densities of 0 and 5 mA/m 2 , the bonded area appeared as red, indicating no acidification occurred on the CFRP bar-concrete interface. For specimens with ICCP current densities of 20, 50, and 100 mA/m 2 , the depressed areas of the rebar indentations appeared in red, while the color has not changed in the raised areas of the rebar indentations, indicating that the interface in this area was acidified. e acidification of the interface is mainly due to the oxygen-evolution and chlorine-evolution reactions under the electric field, as shown in equations (2) and (3). e generated Cl 2 further reacts with H 2 O to form HClO and HCl, as shown in equation (4) . e hydrogen ions produced by these reactions are dissolved in the pore liquid on the interface, leading to the acidification of the interface:
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Bond-Slip Curves.
e measured bond-slip curves are shown in Figure 14 . Characteristic values of bond-slip curves are summarized in Table 5 , where τ max denotes the maximum bond stress and s fmax denotes the slip at free end corresponding to τ max . Table 5 indicates that there is an obvious scattering for the test results of specimens in the same group, which is mainly caused by the deviation of the concrete tensile strength. erefore, the average τ max is adopted as an index to evaluate the influence of ICCP test parameters on the bond performances. It can be seen from Table 5 that an increase in the ICCP current density results in a slight decrease of the average τ max , while the polarization duration did not show an obvious influence on the average of τ max due to the relatively short duration of all the ICCP tests. Figure 15 compares bond stress-free end slip curves at different ICCP current densities. For the specimen with a large ICCP current density of 100 mA/m 2 , the free end slip emerged at the beginning of the loading. However, for other specimens, the free end began to slip at bond stress around 5 MPa. is phenomenon indicates that a large ICCP current density can change the bond mechanisms of the FRP barconcrete interface.
Analysis of Bond Mechanisms of CFRP Bar-Concrete Interface after Anodic Polarization.
e bond stress between a ribbed bar and concrete is composed of the following parts: (1) chemical adhesion; (2) interlocking of the ribs against the concrete; (3) interface friction induced by circumference confinement of concrete cylinder [30] . For specimens without ICCP protection, the shift progress of three bond mechanisms at different stages of the bond-slip curve is schematically shown in Figure 16 . In the initial stage of the pull out process (O-A stage in Figure 14 (e)), the chemical adhesion plays a major role. In this stage, there was no slip at the free end and the slip at the loading end was contributed by the elastic deformation of the concrete matrix, resulting in an elastic bond behavior with large stiffness on the bondslip curve. With the load continuing to increase, the chemical adhesion interface was broken and the bond was gradually governed by the interlocking of the rebar ribs and the concrete matrix and interface friction. In this stage, the concrete expanded in the radial direction and cracked under the extrusion of inclined ribs, and the outer layer resin was scratched by hard concrete matrix. is nonlinear damage progress led to a nonlinear segment with a decreasing slope of the bond-slip curve (A-B stage in Figure 14 (e)). At the peak load (Point B), the radical cracks propagated through the concrete cover, splitting the matrix cylinder into several parts and causing a sudden drop in the bond stress. However, for specimens with ICCP application of a large current density, the CFRP bar-concrete interface underwent severe anodic polarization, which changed the bond behavior. Figure 14(d) shows that the O-A stage was absent in the bond-slip curve, and the free end of the CFRP bar slipped at the beginning of the loading. Considering that the O-A stage is mainly governed by the chemical adhesive force, it is reasonable to deduce that the anodic polarization of the ICCP test deteriorated the cementation interface and broke the chemical adhesion between CFRP bar and concrete. erefore, in the pull out test, the bond-slip curve entered into the A-B stage controlled by the interlocking action and interface friction directly, and the following bond behavior was similar to that of specimens without ICCP application.
Conclusion
In this paper, the ICCP technique was applied to the hybrid CFRP-steel reinforced concrete structures with the CFRP bar as the anode material and reinforcement. To evaluate the effectiveness of the ICCP system on corrosion protection, the potential of steel bar was monitored during the ICCP test and the linear polarization resistance of steel bar was measured after the ICCP system ran for 120 days. After the ICCP application, pull out tests were conducted to investigate the bond performance of the CFRP bar-concrete interface under anodic polarization. Based on the experimental observation and analysis, the following conclusions can be drawn:
(1) ICCP-CB technique can effectively prevent the steel bar from corrosion for the hybrid CFRP-steel reinforce concrete structure. e ICCP system provided electrons to the steel bar continuously and brought the potential of the steel bar down to the immunity region. e measured linear polarization resistance of the steel bar also showed that the corrosion rate of steel bar under ICCP-CB protection was significantly lower than that without ICCP-CB protection.
(2) e CFRP bar-concrete interface presented acidification under anodic polarization, and the level of acidification increased as the ICCP current density increased. Furthermore, interfacial acidification concentrated in the raised areas of rebar indentations. (3) e bond stress of the CFRP bar-concrete interface is mainly contributed by the chemical adhesion, the interface friction, and the interlocking action between rebar ribs and concrete matrix. e measured bond-slip curves show that the ICCP system with a large current density of 100 mA/m 2 reduced the chemical adhesion significantly, leading to the earlier slip for the free end of the CFRP bar. (4) e CFRP bar in the ICCP-CB system has a reliable bond performance in short-term. An increase in ICCP current density resulted in a slight decrease in the bond strength, while the polarization duration had an insignificant influence on the bond strength.
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